What makes a fungus pathogenic? In this review, phylogenetic inference is used to speculate on the evolution of plant and animal pathogens in the fungal Phylum Ascomycota. A phylogeny is presented using 297 18S ribosomal DNA sequences from GenBank and it is shown that most known plant pathogens are concentrated in four classes in the Ascomycota. Animal pathogens are also concentrated, but in two ascomycete classes that contain few, if any, plant pathogens. Rather than appearing as a constant character of a class, the ability to cause disease in plants and animals was gained and lost repeatedly. The genes that code for some traits involved in pathogenicity or virulence have been cloned and characterized, and so the evolutionary relationships of a few of the genes for enzymes and toxins known to play roles in diseases were explored. In general, these genes are too narrowly distributed and too recent in origin to explain the broad patterns of origin of pathogens. Co-evolution could potentially be part of an explanation for phylogenetic patterns of pathogenesis. Robust phylogenies not only of the fungi, but also of host plants and animals are becoming available, allowing for critical analysis of the nature of co-evolutionary warfare. Host animals, particularly human hosts have had little obvious eect on fungal evolution and most cases of fungal disease in humans appear to represent an evolutionary dead end for the fungus. Plants have been important in the evolution of fungi, and the rapid nature of co-evolutionary change might partially explain the lack of obvious, global characters uniting all plant pathogens. *
INTRODUCTION
The purpose of this review is to apply phylogenetic analysis to help dissect the evolutionary origins of plant and animal pathogenicity by ascomycetous fungi. The review is divided into four sections. In the ®rst section, the phylogenetic relationships in the Ascomycota with a tree inferred from 297 18S rRNA gene sequences from GenBank are summarized. Using the gene tree, it was explored whether gains and losses of plant and animal pathogenicity are randomly distributed through the phylogeny. In the second section, the evolutionary histories of genes that are associated with virulence in plant diseases are discussed, and the gene histories are compared with the phylogeny of the fungi. The third section considers the role of co-evolution between plants and fungi in the origins of pathogenicity. In the last section, the phylogenetic patterns evident among animal pathogens are compared with the patterns from plant pathogens.
OVERVIEW OF THE PYHLOGENY OF THE ASCOMYCOTA WITH PARTICULAR REFERENCE TO PATHOGENS
The Ascomycota includes fungi ranging from yeasts, including baker's yeast Saccharomyces cerevisiae Meyen ex Hansen, to molds including Penicillium and Aspergillus. Many destructive plant pathogens, causing diseases including wheat scab and Dutch elm disease, are ascomycetes. Human pathogens including the etiological agent of thrush, the yeast Candida albicans, and the dermatophytes causing athlete's foot are also ascomycetes. In a larger phylogenetic perspective, the Ascomycota is one of the four phyla in the kingdom fungi. Most molecular phylogenetic analyses show the Ascomycota as a monophyletic group, descended from a common ancestral species [6, 38, 46, 47] . The Basidiomycota is the sister group to the Ascomycota, meaning that these two largest phyla of terrestrial fungi are one another's closest relatives. Using an 18S rRNA phylogeny and assuming a molecular clock, Berbee and Taylor [5] estimated that the Ascomycota and Basidiomycota diverged 400 million years ago. Other analyses have suggested even more ancient divergence, perhaps as old as 1 . 2 billion years [33] . The large dierence in the estimates indicates the limits to molecular clock analyses. However, both estimates are consistent with an ancient origin of the Ascomycota and Basidiomycota and suggest that plants have had to contend with fungi ever since their invasion of land perhaps 460 million years ago [28] . Land plants have probably been the main nutrient source for the Ascomycota and the Basidiomycota through much of their evolutionary history, based on the predominance of plant saprophytes, pathogens and mycorrhizal species in both phyla [6] .
Phylogenetic analyses
The phylogenetic tree in Fig. 1 is the product of an alignment of 297 18S ribosomal DNA sequences from GenBank ( Table 1 ). The ®gure puts the plant and animal pathogens, along with mutualistic lichenized and mycorrhizal fungi, into a possible evolutionary framework. Most of the sequences were about 1700 nucleotides in length. Sequences that represented much of the available taxonomic diversity of ascomycete 18S sequences were selected, and, when possible, species mentioned in this review were included. Partial 18S sequences were added when needed to represent important pathogens or the range of ascomycete diversity. From this alignment, PAUP 4.08 b [80] produced a majority rule consensus tree from 500 fast (without branch swapping) parsimony bootstrap replicates. The parsimony analysis clusters sequences by arranging taxa to minimize the number of sequence changes necessary to explain the observed DNA sequences of the taxa. The bootstrapping is a statistical technique used to provide some estimate of whether more data would be likely to support the same groups. In terms of interpretation, groups receiving more than 70 % bootstrap support in Fig. 1 are reasonably well-supported by the data and are usually found in other molecular phylogenetic studies using the same or dierent genes. On the other hand, groups with less than 50 % bootstrap support are poorly supported, and their membership changes depending on minor changes in analytical technique, or on small dierences in taxon or data sampling. To provide a consistent taxonomic framework for these groups and others, the classi®cation of Eriksson et al. [22] was used because it is complete and detailed and it incorporates results from molecular phylogenetics; so the classi®cation is largely congruent with the phylogeny in Fig. 1 . Within the Ascomycota are three main subphyla, each including saprobes on plant materials as well as plant and human pathogens. The ®rst of the three subphyla to diverge was the Taphrinomycotina (also known as Archiascomycetes) [55] . The Taphrinomycotina's genera range from obligate plant pathogens (Taphrina and Protomyces, in class Taphrinomycetes) to the animal pathogenic genus Pneumocystis and the saprobic ®ssion yeasts in Schizosaccharomyces. The next two subphyla to split were the Saccharomycotina (also known as the Hemiascomycetes) and the Pezizomycotina (the Euascomycetes, or ®lamentous ascomycetes). The Saccharomycotina includes over 40 genera of ascomycetous yeasts, but only one genus pathogenic on human (Candida), and only one genus (Eremothecium) with plant pathogens.
The third group, the subphylum Pezizomycotina, with over 3000 genera, includes the majority of known ascomycete species. Not surprisingly given its large size, the Pezizomycotina includes most of the ascomycetous pathogens and mutualists. However, the color clusters in Fig. 1 show that dierent nutritional modes are clustered within classes. Most lichens are in the class Lecanoromycetes, although without bootstrap support. Mycorrhizal ascomycetes are concentrated in the class Pezizomycetes (operculate discomycetes). The plant pathogens are most frequent in three classes, the Sordariomycetes ( Pyrenomycetes), Dothideomycetes ( loculoascomycetes, in part), and Leotiomycetes (the inoperculate discomycetes) (Fig. 1) . Obligate plant pathogens evolved three times in the subphylum Pezizomycotina [67] . All three lineages of obligate pathogens produced mildews. These mildews all form masses of hyphae, and eventually, sexual reproductive structures on the outer surfaces of green leaves. Black mildews in the genus Meliola arose in the Sordariomycetes, in a clade including Neurospora while the black mildew genus Meliolina is near Capnodium in the Dothideales. The powdery mildews in the Erysiphales are closest to the cup fungi with inoperculate asci in the Leotiomycetes [67] and to the Myxotrichaceae, a family formerly believed to be in the Eurotiomycetes that includes cellulolytic soil saprophytes and mycorrhizal fungi [79] . All the mildews obtain nutrients from living cells; but hinting at their polyphyletic origins, the structures involved in nutrient acquisition dier in details. The haustoria are produced in Meliolaceae and Erysiphales but not in Meliolina, and appressoria are two-celled in the Meliolaceae, one-celled in the Erysiphales, and instead of appressoria, Meliolina spp. infect using specialized hyphae (stomatopodia) that enter through the stomata [67] .
Analysis of correlations between ascomycete classes and the phylogenetic distribution of plant and animal pathogens From the phylogeny in Fig. 1 , it appeared that gains and losses of animal and plant pathogenicity were concentrated in a few ascomycete classes. To evaluate whether the apparent concentration of gains and losses of plant pathogenicity could have arisen by chance, the computer program MacClade [49] (Fig. 2) . For tests on the distributions of pathogens in relationship to ascomycete classes, an additional four-character data set for the 297 taxa was prepared. The characters and their binary character states were as follows.
(1) Whether or not a species is known to be plant pathogenic (as in Fig. 1 ). (2) Whether or not a species belonged to the apparently plant pathogen rich classes, the Leotiomycetes, Dothideomycetes (which appear divided among two clades in this analysis), Sordariomycetes, or Taphrinomycetes. These were the four Ascomycota classes each represented, in this analysis, by more than two plant pathogenic genera. (3) Whether or not a species is a human pathogen ( Fig. 1 ). (4) Whether or not the species belongs to the apparently animal pathogen rich classes, the Chaetothyriomycetes and the Eurotiomycetes, each represented here by sequences from two or more human pathogenic genera.
There is ambiguity about whether or not some fungal species are pathogens. In cases of doubt, if a fungus was cited in the Biological Abstracts in the last 5 or 6 years as causing a plant disease, it was coded as a plant pathogen. Fungi that only rarely and opportunistically infect humans, for example, Fusarium species, were not coded as human pathogens. For the purpose of studying the distribution of fungi causing disease, the author did not distinguish among dierent kinds of pathogens or levels of virulence. The ideal phylogenetic tree for an analysis of character correlation would be a perfect reconstruction of the evolutionary relationships among the taxa. However, because available data are insucient to resolve all the evolutionary relationships, a tree such as the one in Fig. 1 is likely to be wrong in at least some respects. The results of an analysis of character correlation depend on the tree topology, although predictions about character correlation may be robust to minor errors in the tree. To enable further testing of predictions with alternative tree topologies, the data matrix including both the 18S gene sequences and the pathogenicity characters is in Tree-BASE, under accession number S662.
Using the tree in Fig. 1 and the characters in the additional data set, MacClade applied parsimony to infer where ancestors in the Ascomycota were saprobes, or plant or animal pathogens (Fig. 2) . As a statistical test of whether the gains and losses of plant and animal pathogenicity might, in spite of appearances, be randomly distributed throughout the phylogeny, the concentrated changes test in MacClade was then used. The inferred number of gains and losses of pathogenicity in the classes that had more than two pathogenic genera were compared with the expected number calculated from 1000 simulated random distributions. The random distributions were estimated from the tree in Fig. 1 and from the character data matrix using the conservativè`m instate'' option. If the inferred number of gains and losses occurred in fewer than 5 % of the simulations, then this indicated, with P 0 . 95, that the distribution was not random. When the point of origin of pathogenicity was equivocal as in Fig. 2 , for example, two analyses were performed. In the ®rst analysis, it was speci®ed that the ancestral state for the equivocal branches was not pathogenic and the resulting number of gains and losses of pathogenicity was counted. In the second analysis, it was assumed that the equivocal ancestral states were pathogenic. In Fig. 2 , MacClade applied parsimony to reconstruct the ancestor of the plant pathogenic genera Cryphonectria and Magnaporthe as having been, unequivocally, a plant pathogen. However, MacClade recorded that the common ancestor of this clade and the Ophiostoma clade could have equally well been either a pathogen or not (Fig. 2) . In the ®rst analysis, the ancestor was speci®ed as having been a pathogen, and in the second analysis, the ancestor was speci®ed as having been non-pathogenic.
Results from analysis of correlations between classes and pathogens
Plant pathogens. MacClade reconstructed the ancestral character state as``pathogenic'' for class Taphrinomycetes, because Protomyces and Taphrina, the only two genera representing the class, are both pathogens (Fig. 1) . For the Sordariomycetes, the ancestor could equally parsimoniously have been a pathogen or a nonpathogen. For the Dothideomycetes and the Leotiomycetes (Fig. 1) , the ancestors were, most parsimoniously, not plant pathogens.
The concentrated changes tests indicated that the transitions to and from plant and animal pathogenicity were not randomly distributed through the phylogenetic tree of the Ascomycota. Evolutionary changes in plant pathogenicity were concentrated in the Leotiomycetes, the Dothideomycetes (which in some analyses, for example, in Fig. 1 appeared as two groups) , the Sordariomycetes and the Taphrinomycetes. Assuming that`e quivocal'' ancestors were not plant pathogens, for the Ascomycota, 20 gains of plant pathogenicity and eight losses would most parsimoniously have been required to account for the current distribution of pathogens throughout the tree in Fig. 1 . Of these, 18 gains and all the losses were reconstructed as occurring in the pathogen-rich classes (de®ned here as the classes that are represented in Fig. 1 by more than two plant pathogenic genera). That many gains in these clades were not reconstructed in any of the 1000 simulations in MacClade. In only 3 % of the simulations, 14 or more gains of pathogenicity were detected, allowing any number of losses. Making the alternative assumption, that``equivocal'' ancestors were plant pathogens, 13 gains and 15 losses of plant pathogenicity would most parsimoniously be required to account for the current distribution of pathogens in the Ascomycota. All the losses and 11 of the gains were reconstructed as occurring in the classes with more than two plant pathogenic genera. Again, this number of gains and losses was never reconstructed in the random simulations. In only 2 % of the 1000 simulations were 10 or more gains of pathogenicity detected in the speci®ed classes. In only 3 % of the simulations, 12 losses or more took place in these speci®ed classes. In summary, the number of evolutionary gains and losses of plant pathogenicity, in the Leotiomycetes, the Dothideomycetes, the Sordariomycetes, and the Taphrinomycetes, was greater than expected by chance alone.
Human pathogens. In MacClade's reconstructions, pathogenicity on mammals never appeared as the ancestral character in classes of Ascomycota, implying that mammal pathogens originated recently. Animal pathogens were concentrated in the Eurotiomycetes and the Chaetothyriomycetes. These two classes often appeared as sister taxa in ribosomal DNA gene trees (Fig. 1) . Evolutionary gains of human pathogenicity were more concentrated in these clades than predicted based on MacClade's simulations of random distributions. Assuming that in all equivocal cases, ancestors were not mammal pathogens, eight gains and no losses would have had to occur in the evolution of the mammal pathogens in the Eurotiomycetes and the Chaetothyriomycetes. However, six or more gains only appeared in 2 % of the 1000 random MacClade simulations. The second assumption, that in the equivocal cases, ancestors were mammal pathogens, required six gains and three losses of pathogenicity in the Eurotiomycetes and the Chaetothyriomycetes. The six gains and three losses did not appear in any of the simulations, and ®ve or more gains were only observed in these clades in 4 % of the simulations. These results indicate that evolutionary gains of human pathogenicity were more concentrated in these clades than would be expected by chance alone.
Possible eect of more data on inferences about evolution of pathogenicity. As a quali®cation to this analysis, more data on the pathogenicity of fungi and a better representation of the total diversity of ascomycetes could alter the number of reconstructed gains and losses of pathogenicity. The number of transitions to and from pathogenicity would change if fungi coded as``non-pathogens'' were instead coded as``pathogens''. For example, in Fig. 2 , one fewer loss of pathogenicity would be required if Cryphonectria havanensis were considered a``pathogen'' rather than à`n on-pathogen''. Many fungal species are known only from fruiting bodies produced on dead plant material. Some of these species probably colonized living plants. If they occasionally caused disease of non-economic hosts, this might have escaped detection. The scattered nature of the pathogens in the tree (Fig. 1) could re¯ect the scattered opportunities to observe fungi in their parasitic phases. Cladogram showing the evolutionary changes in pathogenicity on plants, in a small group of species, as reconstructed using parsimony analysis and the computer program MacClade. At least two and possibly three losses of plant pathogenicity would be required to explain the observed distribution of plant pathogens. This cluster of taxa includes the plant pathogens Cryphonectria parasitica, the cause of chestnut blight, Magnaporthe grisea, the cause of rice blast disease, and Gaeumannomyces graminis, the cause of take-all root rot of wheat and other cereals. The common ancestor to these four pathogens was, most parsimoniously, also inferred to have been a plant pathogen. Another prominent pathogen is Ophiostoma ulmi, one of the fungi causing Dutch elm disease. However, the Dutch elm disease fungus is also related to some non-pathogenic species so that using parsimony, it was unclear whether or not the ancestor to Ophiostoma and allies was pathogenic.
Alternatively, because the alignment used in this analysis is biased in favor of plant and animal pathogens, estimates of the number of independent origins of plant and animal pathogenicity might increase with improved taxon sampling. Known animal and plant pathogens are much better represented than non-pathogens in culture collections, the genetic databases, and in Fig. 1 . In June 2001, DNA sequences representing roughly 50 genera in the Dothideomycetes were available through GenBank. Almost a fourth of these genera included known plant pathogenic species. In Fig. 1 , almost half the species representing the Dothideomycetes are plant pathogens. However, Eriksson et al. [22] list 727 genera of the Dothideomycetes, but few plant pathogenic genera outside of those already represented in GenBank. Similarly, a much higher proportion of saprobes than known plant pathogens are included among the 788 genera in the Sordariomycetes and 485 members of the Leotiomycetes [22] . From available sequences, it appears, given the high proportion of known plant pathogens in the Sordariomycetes, that the common ancestor of the class might have been plant pathogenic. However, imagine adding sequences from the 750 or so other, mostly saprobic genera of Sordariomycetes to the trees in Fig. 1 or Fig. 2 . This more complete sampling would very likely surround the plant pathogens with large numbers of non-pathogenic taxa, and point to a more recent origin of plant pathogenicity, and to a higher frequency of independent origins of pathogens than can be detected at present. Future analyses, with more complete knowledge of the fungi, would contribute much to understanding the phylogenetic origins of the pathogens.
GENE EVOLUTION AND CHARACTERS OF PLANT PATHOGENICITY AND VIRULENCE
The pattern of high concentration of the pathogens in the Taphrinomycetes, Sordariomycetes, Leotiomycetes, and Dothideomycetes, coupled with the relative absence of plant pathogens from other groups including the Eurotiomycetes and the Pezizomycetes implies class-wide dierences in genetic predisposition to pathogenicity. The classes are ancient groups of fungi. Are the characters involved in pathogenicity also ancient? Not necessarily. Predisposing characters need not be the same for all ascomycetes. The predisposition for some fungi to be pathogenic could result from a succession of traits coevolved in response to the evolution of plant defences. The original traits unifying the pathogens within a class in the Ascomycota may have been lost as layers of new characters, unique to genera and species, evolved in a plant/fungus arms race. Consistent with this possibility, the genes so far known to be associated with pathogenicity or virulence appear to be either too old or too young to explain the dierences in pathogenicity in dierent classes. Ancient genes are involved in basic enzymatic processes (cellulose degradation, for example) that are probably essential for pathogenicity but may also be essential for saprobic living. Genes speci®cally linked to virulence or pathogenicity (toxin genes, for example) have narrow phylogenetic distributions with functions that evolved recently. The next section of this review traces the origins of some new and some old genes, associated with pathogenicity and virulence.
Enzymes of primary metabolism
Fungi pathogenic on plants must produce enzymes for degradation of plant cell walls and for the digestion of plant tissues. Based on their wide phylogenetic distribution, many of these enzymes were ancestral characteristics of ascomycete saprobes as well as pathogens. Enzymes common to the Chytridiomycota, the Ascomycota, and even bacteria degrade cellulose, hemicellulose, and glucans [2, 27, 62] . Particular properties of a set of enzymes might be important in pathogenesis. However, because genes for these enzymes are often present in multiple copies with overlapping functions, demonstrating their speci®c roles in pathogenesis is not simple [32] .
Sometimes a gene for an enzyme with a general metabolic function is, in the arms race between fungi and plants, modi®ed to take on a more readily demonstrable role in plant pathogenesis. Plants elaborate secondary metabolites toxic to the fungi. In some cases, fungi detoxify these antibiotics with an enzyme borrowed from their primary metabolism. Morrissey and Osbourn [52] review the mechanisms of fungal detoxi®cation of several antibiotics produced by plants. Tomatoes, for example, produce an alpha-tomatine toxic to fungi, perhaps acting by destroying the integrity of fungal membranes. Septoria lycopersici Speg. detoxi®es alphatomatine using a glycosyl hydrolase from the betaglucosidase family of enzymes to remove one sugar residue from the toxin [53] . Fusarium oxysporum f. sp. lycopersici also detoxi®es alpha-tomatine, but borrows a xylanase from a dierent family of glycosyl hydrolases to cleave four sugar residues from the toxin molecule [65] . Gaeumannomyces graminis detoxi®es the defensive avenacins produced by oats, also using a beta-glucosidase to remove one sugar residue from a toxin molecule [53] .
Also widely distributed across the Ascomycota are proteases. A trypsin-like protease from Phaeosphaeria nodorum [Stagonospora nodorum (Berk.) Castellani & EG Germano] was able to degrade wheat cell walls, possibly attacking the extensin proteins in the wall and releasing hydroxyproline [14] , although it remains to be demonstrated that the enzyme is a virulence factor. Cytochrome P450s are another large family of enzymes with diverse functions. Nectria heamatococca uses pisatin demethylase, a cytochrome P450, to detoxify a phytoalexin from peas, its host [20] . The use of all these enzymes in plant pathogenesis appears to be a recent innovation, based on the lack of evidence for evolutionary conservation of function.
Toxins
Toxin synthesis is important in virulence [85, 87, 90] and sometimes even in pathogenicity [92] . Toxin genes are also, to some extent, amenable to phylogenetic analysis. Walton and Panaccione [87] suggested that the evolutionary history of genes involved in plant/pathogen interactions may be analogous to the enzymes of the iso¯avenoid biosynthesis pathway in plants in that the basic core of the pathway is common to all plants, but the enzymes at the endpoints of the pathways produce the diverse spectrum of¯avenoids unique to dierent plants. Similarly, toxin production may build on a core pathway common to many organisms, with speci®c toxins resulting from gene duplication, gene rearrangement, and functional divergence of enzymes at the endpoints of pathways. Keller and Hohn [39] pointed out that homologous genes produce 1,3,8-trihydroxynaphthalene reductase, an enzyme involved in melanin production in Aspergillus, and versicolorin A reductase in the sterigmatocystin and a¯atoxin pathways. These reductases are an example of genes that must have evolved through gene recycling and functional divergence.
Genes encoding fungal toxins are diverse. Some are associated with large DNA insertions absent in non-toxin producing isolates. Some are multifunctional enzymes, and many are arranged in gene clusters. High virulence in species of Fusarium, Alternaria, and Cochliobolus is clearly linked to the presence of host speci®c toxins [91] . Closely related fungi may use very dierent toxins. All the phytopathogenic Cochliobolus species are close relatives [4] , but T-toxin in Cochliobolus heterostrophus (Drechsler) Drechsler is a polyketol; Cochliobolus victoriae Nelson's victorin is a chlorinated polypeptide; Cochliobolus carbonum Nelson's HC-toxin is a cyclic tetrapeptide, and Bipolaris sacchari (E. Butler) Shoem.'s HS-toxin is a sesquiterpene with galactose side units [73, 91] . Given the lack of homology of these toxins, their roles in virulence must have arisen independently. Toxins unique to a species or to isolates within a species must also have arisen recently. The lack of obvious homology between toxin genes and other genes from the same species, along with their unusual size and organization, has led to the speculation that the genes arose by horizontal transfer from other organisms, such as bacteria, living in close proximity to the fungus [85, 90] . Most of the known genes for toxins can, however, be traced phylogenetically to a fungal origin.
Walton [86] suggested that hyphal anastomosis might contribute to gene transfer between species, and that selection for transfer as a functional unit might be strong enough to maintain the clustering that is often associated with genes for secondary metabolites. However, as reviewed by Keller and Hohn [39] , other kinds of genes involved in functions ranging from nitrogen metabolism to conidiation are also clustered, and so selection for horizontal transfer cannot be the only force driving gene clustering in fungi. In theory but not in practice, it is straightforward to distinguish between horizontal transmission of genes (that is, gene exchange between dierent species, outside the usual life cycle process of cell fusion and meiosis) and vertical transmission of the genes ( from parent to ospring) through phylogenetic analysis (Fig. 3) [77] . If the phylogeny of toxin genes tracks the phylogeny of the fungi and the most closely related fungi have the most closely related toxin genes, then this is strong support for origin through the usually vertical transmission from generation to generation. On the other hand, if the toxin gene phylogenies unite unrelated fungi, this might indicate horizontal transfer. Complicating the picture, many toxin genes evolve quickly, erasing evidence of their evolutionary origin. Many are present as part of a family of duplicated genes, and if genes that evolved from dierent family members are inadvertently compared in a phylogeny, horizontal transfer may be inferred when it did not really occur. In the next section of this paper, a few examples of relationships among the genes that code for toxins will be brie¯y reviewed. Similar correlated phylogenies could result from a parasite tracking its host during co-evolution, or from the congruent evolutionary patterns of a gene tree and a species tree in the absence of horizontal gene transfer. If, for example, a fungus and its host engaged in phylogenetic tracking, speciation in the host ( for example, the split between``A'' and``B'') might result in speciation of the parasitic fungus (resulting in separation of parasite species``1'' from species``2''). If this kind of tracking occurred, then, as in this diagram, host and pathogen phylogenies parallel one another. Branch lengths might also be correlated. Horizontal branch lengths are proportional to evolutionary change. The pathogens have longer branch lengths, indicating they might have had a faster rate of change than their hosts. However, the branch lengths of host and pathogen are more closely proportional than expected by chance, if host and pathogen speciation had been synchronized.
Polyketide synthases. Polyketide synthases help produce a range of biologically active molecules, including T-toxin. T-toxin, produced by race T C. heterostrophus, caused southern corn leaf blight to explode to epidemic status on male sterile corn in 1970 in the U.S.A. [90] . Other products of polyketide synthases include melanins, various toxins that are not involved in plant disease (such as the carcinogenic a¯atoxins) and the cholesterollowering drug lovastatin [40] . Although structurally similar to fatty acid synthases, polyketide synthases make more diverse products because they are able to use substrates other than acetyl-CoA or malonyl-CoA and because they can suppress some or all of the regular sequence of reduction and dehydration steps that occur in fatty acid biosynthesis [40] . Like peptide synthetases, the last domain (closest to the carboxy terminus) in fungal polyketide synthetases is a thioesterase, which functions in chain termination and release of the peptide or polyketide [13] . Both sequence similarity and the arrangement of catalytic domains in polyketide synthases in fungi and fatty acid synthases in mammals point to a common evolutionary origin [40] . In technological applications, designer drugs are created by the use of genetic engineering to rearrange or recombine the domains in polyketide synthase genes [59] . In nature as well as in the laboratory, the domains within polyketide synthase genes may be reshued, producing novel polyketide synthases with new synthetic capabilities.
Polyketide synthase genes evolve quickly. To provide some comparisons, homologous 6-methylsalicylic acid synthases ( polyketide synthases) from the closely related species Aspergillus parasiticus (accession No. AAC23536) and Aspergillus terreus (accession No. BAA20102) diered at 42 % of their amino acid positions. In contrast, these two species diered only at about 9 . 5 % of their nucleotide sites across their rapidly evolving, ribosomal internal transcribed spacer regions (accession No. AB008418 and AJ001333, respectively). As another example, Penicillium griseofulvum (accession No. P22367) and Penicillium frei (accession No. CAA65133) have dierent amino acids at 15 % of sites in the relatively highly conserved ketoacyl synthase domains in their 6-methylsalicylic acid synthases, but their internal transcribed spacer region sequences (accession No. AF033468 and PFA005479, respectively) are 98 . 6 % identical. Their rapid sequence evolution makes new polyketide synthase genes dicult to detect by southern hybridization [7] or even through PCR approaches [63] .
Melanins might serve as markers for the phylogenetic distribution of polyketide synthases. This is because, where characterized in the Ascomycota, polyketide synthases have been among the genes involved in melanin production. Melanins are widely distributed through the fungi, including the Ascomycota, which could indicate that almost all ascomycetes have at least one polyketide synthase gene. Melanins can be essential for fungal cell wall strength, for protection from UV radiation, and for pathogenicity to plants and animals {reviewed by Butler et al. [12] }. It is speculated that these genes involved in pigment production may also serve as the precursors for toxin gene evolution. Evidence that fungi can``borrow'' genes from melanin production, and through gene duplication and divergence create toxins is presented by the homology and 30±40 % amino acid sequence identity among polyketide synthases involved in melanin production in the Sordariomycetes fungus Colletotrichum lagenarium (Pass.) Ellis et Halsted (accession No. S60224, teleomorph Glomerella?), in production of green pigment in conidia of the Eurotiomycetes species Emericella (Aspergillus) nidulans (accession No. Q03149), and in production of the toxin sterigmatocystin in E. nidulans (accession No. Q12397). Although without strong bootstrap support, the polyketide synthases associated with T-toxin in C. heterostrophus clustered phylogenetically in a larger group including both pigment-producing polyketide synthases and a¯atoxin and sterigmatocystin genes from Aspergillus [7] . If toxin evolved in C. heterostrophus by gene duplication and divergence, then homologues to the toxin genes should be found in the ancestral, non-toxigenic race O isolates [89, 90] . So far, a homologue in race O remains undetected [89, 90] . A critical analysis of the evolution of the T-toxin genes and other members of families of polyketide synthase genes will become possible when more complete genome sequences are available for the Ascomycota and a complete picture emerges of the range of genes from one species.
Peptide synthetases. Peptide synthetases, like polyketide synthases, help produce a diverse assortment of molecules that range from toxins (HC-toxin in C. carbonum, victorin in C. victoriae) to important drugs ( penicillin and cyclosporin A) [13] . The production of the cyclic tetrapeptide HC-toxin in C. carbonum leads to a highly virulent leaf spot disease in susceptible maize cultivars. The HC-toxin synthetase is a typical peptide synthetase in that it is a large (in this case, 5217 amino acid) multidomain protein, consisting of an assembly line of individual units that add a succession of amino acids to form a peptide chain, without the need for a ribosome or transfer RNAs [87] .
Peptide synthetases are known from both bacteria and fungi. Their multidomain structure suggested possible origin in fungi by horizontal transfer from bacteria [43] . However, transfer from bacteria would have had to have been either ancient or repeated many times to explain their broad distribution among the fungi. They occur in diverse ascomycetes and basidiomycetes and may have been an ancestral feature in both. The evolutionary building blocks of peptide synthetases include fatty acid synthases [13] , which are present in both animals and fungi, and which were also therefore present in the ®rst fungi. In BLAST searches, the peptidyl carrier protein domains, which tether the growing peptide chain during its synthesis, show homology to acyl carrier proteins from fatty acid biosynthesis in animals and to acyl carrier proteins in polyketide biosynthesis in fungi. Unlike the polyketide synthases where the melanin biosynthesis pathway is one plausible source of raw material for duplication and functional divergence to produce toxin genes, a plausible source for peptide synthetases, other than distantly related fatty acid synthases, has yet to be identi®ed.
As with polyketide synthases, the extreme divergence of known peptide synthetases, their large size, their unknown range of function, and the limited knowledge of possible paralogous, duplicate genes within a genome makes sorting out their phylogeny in more than general terms exceedingly dicult [66] . Amino acid sequences from the HC-toxin synthetase were only about 40 % similar to the inferred amino acid sequences of the peptide synthetases from other fungi that could be detected in PCR based searches. The closest matches to the amino acid sequence of the HC-toxins are from AM-toxin from an Alternaria species, and a peptide synthetase from Metarhizium anisopliae. Based on a BLAST search, the amino acid sequences of all three toxin synthetases were only about 30 % identical over about 4/5 of the gene. Alternaria and C. carbonum are close relatives in the same family while M. anisopliae is distantly related in a dierent class (Fig. 1 ), but these diering degrees of relationship are not re¯ected in diering percent similarities of the toxin genes. An explanation for the failure of percent similarity to track phylogeny would lead to improved understanding of gene evolution. Rosewich and Kistler [66] pointed out that there are often several equally plausible explanations for the presence of an unusual gene in a fungus. The genes in these three species may have evolved quickly, with loss of phylogenetic signal. They may be part of families of genes, and the large genetic distance between the Alternata and C. carbonum genes may indicate that dierent gene family members (or in other words, genes that are not orthologues) are being compared. The peptide synthetases among dierent ®lamentous ascomycetes appear to be homologues with a common evolutionary origin, based on their sequence similarity across the subphylum. However, exchange of toxin genes among ascomycetes by horizontal transfer cannot be ruled out.
AK-toxins. AK-toxins are virulence factors for Alternaria species causing Alternaria black spot of pear and of strawberry, as well as brown spot of tangerines. Each of the four genes that have been linked to toxin production is a member of a cluster of homologues [81] . Tanaka and Tsuge [81] could detect one of the toxin genes, AKTR-2, only in Alternaria strains causing black spot of pear. Suggesting that this gene evolved rapidly with functional divergence following gene duplication, AKTR-2 diered from multiple copies of its homologues at 26 % of its amino acid positions [81] . The homologues were more widely distributed than AKTR-2 and were also detected in isolates of Alternaria causing disease in strawberry and tangerines. Although the function of AKTR-2 is unknown, the presence of a leucine zipper in the gene suggests that it is a transcriptional regulator. AKTR-2 may be another example of a gene with a function in ordinary growth and development that was``borrowed'' for a new role in toxin production and pathogenesis.
Trichothecenes. Trichothecene production appears to be an idiosyncratic ability to produce toxic sesquiterpenoids that evolved within the Hypocreales. Desjardins et al. [21] demonstrated that trichothecenes are virulence factors in Gibberella zeae (Schwien.) Petch. Trapp et al. [83] compared three genes needed for trichothecene production and found high levels of similarity in the genes from closely related genera, speci®cally, from Fusarium sporotrichioides Sherbako and Myrothecium roridum Tode : Fr. Although the genes in both species were clearly homologues, the distance between genes and direction of transcription were dierent, indicating that genetic rearrangement had occurred within the cluster. The gene encoding trichodiene synthase, the ®rst enzyme in the synthesis pathway, has as of this writing, no obvious homologue to reveal its early evolutionary origins. The trichothecene 3-O-acetyltransferase gene product protects the fungi from their own toxin. The trichothecene 3-Oacetyltransferase gene has been proposed as a candidate for origin by horizontal transfer in the trichothecene B producing Fusarium graminearum because it is not part of the co-regulated trichothecene gene cluster and because its activity could not be detected in the trichothecene A producer, F. sporotrichioides [41] . O'Donnell et al. [58] used the trichothecene 3-O-acetyltransferase gene as a phylogenetic marker and concluded that the gene tracked phylogeny, for dierent species that do produce B trichothecenes, ruling out the occurrence of horizontal transfer after the radiation of these species. Future studies of whether or not the gene tracks the species phylogeny outside of the B trichothecene-producing Fusarium species will resolve whether horizontal gene transfer could have occurred earlier.
RARITY OF PLANT PATHOGENS IN THE SACHAROMYCOTINA, THE PEZIZOMYCETES, THE LECANOROMYCETES AND THE EUROTIOMYCETES
The paucity of plant pathogens in some clades poses a puzzle. Understanding why these clades do not produce pathogens might lead to an understanding of the metabolic or structural features that enable other fungi to be pathogens. However, the non-pathogenic clades dier from each other and from the pathogens in many features. Just as there is no single feature that makes a fungus a pathogen, there is no obvious suite of features absent from all the non-pathogens.
In the Ascomycota, as in the Basidiomycota, groups with a high proportion of mutualistic symbionts do not usually give rise to plant pathogens. Within the ®lamen-tous ascomycetes, cup fungi in the class Pezizomycetes were perhaps the ®rst to diverge and the group includes about 1000 known species [31] . Some of these fungi are ectomycorrhizal on woody plants in the Pinaceae and in the angiosperms. Having had a great deal of time to evolve and living in close proximity to plant roots, the Pezizomycetes might have been expected to spawn some aggressive plant pathogens. However, the only fungus in the class that can act as a plant pathogen is Rhizina undulata, causing root rots in the Pinaceae. Similarly, Hibbett et al. [34] concluded that in the Basidiomycota, ectomycorrhizal associations arose and were lost multiple times, usually with a transition to or from saprobism.
Production of large numbers of dispersed conidia that can stick to plants and initiate infection seems to be a widely distributed feature of plant pathogens. Lichens and the cup fungi in the Pezizomycetes rarely produce conidia, and this might contribute to the lack of pathogens in these groups. On the other hand, Eurotiomycetes including Penicillium and Aspergillus produce enormous numbers of conidia but are rarely associated with diseases of living plants. Losses of conidiation may be related to the lack of pathogens in some groups, but cannot be a global explanation for the class-speci®c low numbers of plant pathogens.
The ability to grow within plant material may be one of the several features necessary for the evolution of plant pathogenicity. Indicating that at least parts of their mycelia are closely associated with plants, sexual fruiting bodies from most fungi in the pathogen-rich classes are formed on or in woody or herbaceous plant material. Most fungi in the non-pathogenic clades, on the other hand, are found fruiting on other substrates. Morels and other fruiting bodies of the largely non-pathogenic Pezizomycetes are usually collected from the soil. Lichen fruiting bodies are (obviously) seated on the lichen thallus, and the fruiting bodies of the Eurotiomycetes are often collected on keratinous substrates or bits of substrate high in starches. The Chaetothyriomycetes seems to be an exception. The class includes no known plant pathogens, but specimens are usually found fruiting on rotten wood or on leaf surfaces [79] . In some but not all non-plant pathogenic fungal lineages, an inability to produce mycelia within plant material may have reduced the probability of evolution to plant pathogenicity.
Having lost enzymes for plant cell-wall breakdown could explain the rarity of plant pathogens in some groups of fungi. Baker's yeast, S. cerevisiae, lacks key enzymes for degrading plant cell walls. In lichens, fungi obtain nutrients from algae rather than vascular plants. If algal association and pathogenesis on vascular plants selected for dierent degrading enzymes, then lichenized fungi may have evolved away from the ability to cause plant disease. In a phylogenetic study emphasizing the distribution of lichenized species, Lutzoni et al. [48] suggested that the Eurotiomycetes are derived from lichens. The Eurotiomycetes must still have some of the enzymes needed for attack of plants, based on the ability of some species to decay stored fruits and seeds. However, perhaps their lichenized ancestors lost or modi®ed some of the enzymes necessary for plant pathogenicity.
CO-EVOLUTION OF FUNGI AND PLANTS
Fungi and plants have a long history of opportunities for co-evolution. Most species in the Ascomycota, as well as most of the Basidiomycota, live o plants as saprobes, parasites, or symbionts. Together with fossil evidence of ancient plant/fungal association, the broad phylogenetic distribution of association with plants suggests that the Ascomycota depended on plants, dead or alive, for nutrients since its earliest evolution. Plants and fungi exert reciprocal evolutionary eects on one another. Fungal traits involved in pathogenesis have variance and respond to selection by plants, as is regularly demonstrated when pathogens overcome the disease resistance bred into crop plants. Plant populations vary in their resistance to fungi, as shown recently in the geographical variation in resistance by beans to Colletotrichum lindemuthianum (Saccardo & Magnus) Briosi & Cavara [26] . Plant chitinase genes, as well as other genes involved in resistance to fungi, evolved under positive selection, probably in adaptation to defence against fungi [8] . As another example of evolution of plant defences to fungal attack, LaugeÂ et al. [44] showed that some tomato cultivars initiate resistance to the pathogen Cladosporium fulvum Cooke by detecting a virulence gene produced by the fungus. If plants and fungi have had reciprocal selective eects on one another over time, evidence of coevolution in the phylogenies of fungi and their plant hosts is to be expected.
The association of an individual ascomycete and its host is often intimate, with the fungus growing exclusively in the plant. Thompson [82] argued that long-term, intimate association of a parasite with a single host favors specialization to a single host species. However, other outcomes are not only possible, but also likely, especially over long periods of time, such as the 400 or so million years the Ascomycota have had to evolve. Multiple parasites may attack the same host, so that host evolution involves trade-os rather than optimization of resistance to a single parasite [64] . Specialist parasites may evolve into generalists, jump hosts, or go extinct, and such events can erase the phylogenetic evidence of episodes of host tracking. Thompson [82] reviews many examples of specialist parasites that do not track host phylogenies but few of those that do. This potential for variation in evolutionary outcome is consistent with the varying patterns of host±pathogen phylogeny for the fungi in general and Ascomycota in particular.
Phylogenetic tracking of fungi and their plant hosts: do plant pathogens evolve early in the evolutionary history of their hosts?
If host/parasite tracking occurred, host and parasite phylogenies should show evidence of correlation (Fig. 3) . Pairwise co-evolutionary relationships, where speciation in fungus and host are linked, have been proposed, particularly for the rust fungi and the smuts in the Basidiomycota, and for Taphrina and members of the Clavicipitaceae in the Ascomycota [16, 70, 71] . These fungal candidates for phylogenetic tracking all depend on living plants to complete their life cycles. Some candidates have not held up well to molecular phylogenetic scrutiny. Others should be re-examined with future critical molecular systematic studies. Savile [69] and others have speculated that the ferns (which he considered ancient plants) hosted the most ancient rusts while angiosperms hosted the most derived rusts. Unfortunately, this interpretation has not received support from molecular phylogenetics and the fern rusts turn out to be recent in origin and closely related to angiosperm rusts [74] . The smuts, or Ustilaginomycetes, include a high proportion of obligate plant parasites and hypotheses about co-evolution should be re-examined in the light of improved systematics. Smut fungi have few morphological taxonomic characters and unrelated smut fungi had been classi®ed together, obscuring relationships between smut and host phylogenies. Taxonomic revision based on DNA sequences and more critical evaluation of morphological characters reveal that phylogenetically related smuts are more consistently associated with phylogenetically related hosts. The Ustilaginales, for example, parasitize grasses, while the Exobasidiales and Entylomales infect dicots. In the Ustilaginomycetes, each of the 10 orders proposed by Bauer et al. [3] has a clear preference for either monocot or dicot hosts.
As in the Basidiomycota, the Ascomycota primitive hosts do not usually have primitive parasites. The class Taphrinomycetes is made up of obligate biotrophic parasites that diverged hundreds of millions of years ago from other groups of ®lamentous ascomycetes with a high proportion of plant pathogens (Fig. 1) [6] . Taphrina was proposed as a candidate for an ancient lineage that coevolved with the ®rst vascular plants [70] . Consistent with ancient co-evolution with vascular plants,``Taphrina'' species have been described from highly divergent hosts, from both ferns and angiosperms [70] . However, molecular phylogenetic analysis casts doubt on the ascomycetous anity of the``Taphrina'' species on ferns. Several``Taphrina'' species are reported from ferns, but DNA sequence analysis of the 18S genes of one such species,``T''. californicum, revealed that the fungus is a basidiomycete and not a Taphrina species at all [75] . Very possibly, the other``Taphrina'' species from ferns will also prove to be basidiomycetes, leaving only parasites of dicots in a carefully de®ned genus Taphrina. Based on 18S sequences, 11 species of Taphrina from dicots were correctly classi®ed to genus, but, suggesting relatively recent origin, their sequences were too similar for resolution of their phylogenetic branching order [75] . Species of Protomyces, the sister group to Taphrina, are most often on herbaceous dicots, on Apiaceae or Asteraceae. The lack of molecular diversity and the dicot host preferences of con®rmed Taphrina and Protomyces species point to a radiation long after the origin of angiosperms rather than phylogenetic tracking during angiosperm origins.
Fungi in the Clavicipitaceae, in genera including Claviceps, Balansia, and EpichloeÈ are biotrophic on grasses and carry out most of their life cycles on their hosts. Most species in these genera are specialized to one or a few host species. Balansia spp. do not exhibit obvious phylogenetic tracking of their host grasses [42] . However, the beta-tubulin intron phylogeny of EpichloeÈ species is congruent with a phylogeny from chloroplast restriction fragment length polymorphisms of temperate, cool-season host grasses [72] . The evolution of Claviceps spp. may have tracked the evolution of the tropical grasses that are frequently their hosts [61] . Further testing of phylogenetic tracking for these species would be welcome, with evaluation of whether parallels in host and fungus branching order are greater than expected by chance, and whether branch lengths in host and pathogen phylogenies from homologous genes are more closely proportional than expected by chance alone.
Beyond host tracking: host use and co-evolution in the Ascomycota
Although the Ascomycota probably evolved in association with plants, most of its evolution did not track plant evolution through continuing strong, pairwise associations. However, fungal species and host species are not randomly distributed either, and related fungi frequently infect related hosts. Geographical overlap between fungus and host is important in determining the host range. In Thompson's words [82] , the Ascomycota appear to be very good``ecological opportunists'' operating under`p hylogenetic constraints'' and geographical limitations.
Monilinia (Sclerotiniaceae, Leotiomycetes) provides a good example of a genus in which host jumping occurred occasionally, but related species usually attack related hosts [36] . Many of the Monilinia species infect fruits of plants in the Rosaceae or Ericaceae. Some host jumps may have been related to host fruit type and biochemistry. The Monilinia species that infect cherries and other¯eshy fruits in the Rosaceae are more closely related to the Monilinia species infecting¯eshy fruits like blueberries in the Ericaceae than they are to the species infecting members of the Ericaceae with dry, capsular fruits [36] .
The Pleosporaceae oer another example of a common pattern among the Ascomycota in which the related species generally infect geographically or phylogenetically related hosts. However, a few species break the host preference rules. Alcorn [1] found that the Pleosporaceae genus Pyrenophora and its Drechslera anamorphs are predominantly associated with temperate grasses in the Pooideae (Avena, Bromus, Triticum etc.) [88] . Of 37 species of Drechslera/Pyrenophora, 24 are recorded from grasses in the Pooideae, while only seven are recorded from hosts in the Chloridoideae or Panicoideae. The statistics are reversed with Cochliobolus species with Bipolaris anamorphs (also in the Pleosporaceae) that are predominantly associated with tropical grasses in the Panicoideae (Zea, etc.) or Chloridoideae (Cynodon, Chloris, etc.) Of 89 species in Cochliobolus/Bipolaris, 66 are recorded from Panicoid or Chloridoid hosts, and only nine are on hosts in the Pooideae. Although species in the genus Cochliobolus/Bipolaris are usually associated with herbaceous monocots, Bipolaris heveae, one very close relative of the rice pathogen, Cochliobolus miyabeanus, jumped hosts dramatically and causes disease on rubber trees, which are woody dicots [93] .
Improved taxonomic understanding helps to reveal the geographical distribution and host use patterns in the large and complex genus Fusarium and its teleomorphs in genera including Gibberella. For these fungi, O'Donnell and collegues have been using multiple gene genealogies to delimit potentially recombining phylogenetic species. Closely related Fusarium species often originate from the same geographical region. Species in the Gibberella fujikuroi complex are distributed into three monophyletic groups, one containing isolates from the Americas, one with African isolates, and one with the Asian isolates [56] . In a study of F. graminearum, isolates were clustered into seven monophyletic clades so that all isolates within a clade were from the same continent [58] . Although geography seems to be a good predictor of relationship, shared host speci®city surprisingly is not. Fusarium oxysporum f. sp. cubense is de®ned by its ability to cause Panama disease of banana. However, this ability arose independently, multiple times among isolates of the F. oxysporum complex [57] .
As obligate plant pathogens, powdery mildews might be expected to show higher levels of host speci®city than the facultative pathogens in the Pleosporaceae or Fusarium, but, as Savile [71] pointed out, the powdery mildews can have surprisingly broad host ranges. Isolates of Podosphaera fusca infecting various hosts ( from the Cucurbitaceae, Malvaceae, Fabaceae, Gesneriaceae, Verbenaceae and Asteraceae) had identical sequences in the highly variable ribosomal internal transcribed spacer regions [35] . Closely related powdery mildews must have jumped hosts recently to explain that, iǹ`E rysiphe Clade 3'' of Saenz and Taylor [68] , three closely related fungal species (Erysiphe cichoracearum, Erysiphe sordida, and Erysiphe orotii) attack hosts in distantly related dicot families (respectively, Asteraceae, Plantaginaceae, and Brassicaceae). The mildews seem to be highly capable ecological opportunists.
One constraint on host switching in the powdery mildews may involve a requirement for the right kind of fungal fruiting body appendages to facilitate dispersal between hosts. Many powdery mildews surround their cleistothecia (closed, spherical fruiting bodies enclosing the sexual asci and ascospores) with dichotomously branched or hooked appendages. These branches or hooks may help the cleistothecium to adhere to twigs or the bark of woody hosts, after dispersal from the leaf surfaces on which they are produced. Mori et al. [51] concluded that powdery mildews on woody hosts were basal members of their phylogenetic clades and that occasional convergent switching from complex to simple hyphal appendages paralleled jumps from woody deciduous to herbaceous hosts. The appendages, they argued, are important in dispersal of the entire cleistothecium from the leaf of a woody host to its twigs, before the cleistothecia on the leaves would fall to the ground. If this view is correct, a mildew with simple appendages on an herbaceous host would need to evolve complex appendages before it could eciently parasitize a deciduous, woody host.
Among the fungi in the Clavicipitaceae, Clay [16] proposed the evolution of EpichloeÈ species and their asexual relatives as an example of a transition from sexuality and parasitism towards asexuality and mutualism. Selection related to mutualism may have favored asexual transmission of co-adapted sets of genes in the fungus. From recent phylogenetic studies, it is not completely clear that a progression from parasite to mutualist took place [42] . Whatever their origin, EpichloeÈ and allied species of fungi do act as mutualistic symbionts, producing alkaloids that oer their host grasses protection against herbivores at the cost of reduced seed survival [16] . The origin of some endophytes appears to be through the hybridization of parents in dierent haploid, sexual species of EpichloeÈ . Instead of a single copy of betatubulin genes, the endophytes have two to three copies, suggesting that they are diploid, triploid, or perhaps aneuploid. Supporting hybrid origin of the endophytes, 182
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PHYLOGENY OF ANIMAL PATHOGENS
Animal pathogens are concentrated in the Eurotiomycetes and the Chaetothyriomycetes. Together, these two classes form a monophyletic group. They include common molds like Penicillium and Aspergillus, as well as a high proportion of fungi that are preferentially isolated from nature from hair, skin, feathers, nails, or other animal products high in keratin (Fig. 1) , [15, 17] . The animal pathogens are phylogenetically intermingled with soil-dwelling saprophytes, suggesting multiple, convergent origins of the ability to cause disease in animals [11, 45, 60, 79] . The concentration of animal pathogens in two classes suggests that these fungi share characteristics that facilitated the repeated origin of pathogenicity on mammals. As with plant pathogens, it is not clear exactly which characteristics predispose towards the evolution of pathogens. Plant pathogens and their host plants in¯uence one another's reproductive success and many plant pathogens can invade healthy, living tissue and reproduce successfully on plant materials. In contrast, most fungi lack a means of transmission from one mammal to another, and most have diculty overcoming barriers to infection including high body temperature, intact skin, and the immune system. When fungi do breach skin or mucous membranes to cause internal disease, it usually appears to be a chance infection with a negligible eect on reproductive success of either the animal or the fungal populations. In contrast to most plant pathogens, where the life cycle is usually understood, little is known about the biology of the many human pathogenic fungi outside the human body. For example, little is known about the ecology of human pathogenic species of the Chaetothyriomycetes [30] . Pneumocystis carinii has been a major killer of AIDS patients, but again, little is known about its life history. The source of P. carinii infections remains unclear and infections of humans may originate from a free-living form of the fungus that has yet to be discovered [18] .
Coccidioides immitis is unusual among fungi in that it can cause fatal lung infections (Valley Fever) in otherwise healthy individuals [24] . Until recently, its life history was as opaque as that of P. carinii, but molecular population genetic studies are beginning to provide more de®nitive information about its natural history and evolution. C. immitis did not evolve with humans; high genetic diversity in C. immitis sister species points to an evolutionary history that predates humans. Until recently, C. immitis, like P. carinii, was known only from animal hosts. However, as expected of a saprobe, C. immitis has been isolated from soils [29] . If humans were important to C. immitis as a source of nutrients, then outbreaks of human disease would likely be associated with single clones of unusually virulent pathogens. Instead, Fisher et al. [24] determined, using a combination of single nucleotide polymorphisms and multi-allelic, short tandem repeats, that the C. immitis isolates involved in epidemic disease levels in California from 1991±1994 were not clonal. The outbreak may have been linked to environmental conditions including alternating drought and high rainfall that increased the saprobic fungal population. Earlier outbreaks of Valley Fever have been linked to earthquakes and wind storms that increased human exposure to dust carrying the fungus. The opportunistic nature of infections suggests that colonizing humans may be accidental, contributing little to the genetics and evolution of the fungal species.
Humans may also in¯uence fungal evolution by carrying pathogens from one place to another. The athlete's foot fungus Trichophyton rubrum only occurred frequently in Europe after the World War II, and humans may have brought the disease from either Asia or Africa [19] . Histoplasma capsulatum var. farciminosum causes lesions in horses in Europe, Africa and Asia, but is phylogenetically nested among Histoplasma capsulatum var. capsulatum isolates from South America [37] . Kasuga et al. [37] speculated that horses were infected with the disease in South America, and then returned to the Old World. Fisher et al. [23] argued that limited genetic diversity of strains of C. immitis in South America could best be explained by a population bottleneck in the fungus, resulting from its long-distance dispersal by a mammalian host. Possible hosts during dispersal, they argued, were the ®rst humans migrating south. The timing of the dispersal inferred from estimates of evolutionary rates would be consistent with dispersal by Amerindians, but the evidence here is equivocal. If humans were important in the early dispersal of C. immitis, it is not clear why human movement has not homogenized the distribution of C. immitis in the U.S.A. Two sibling species of C. immitis show strong geographical structuring, one mainly in California, and one primarily in Texas [23] . If humans were particularly important to genetic structuring of populations, both species of C. immitis would be widely distributed wherever the humans travel and the climate favors the fungus.
Just as the ability to degrade plant cell-wall materials is insucient to explain the restricted phylogenetic distribution of plant pathogens, the ability to degrade keratin for carbon nutrients may be too widespread among the fungi to explain the concentration of animal pathogens in the Eurotiomycetes and the Chaetothyriomycetes. Beyond these two classes, keratin-utilizing fungi are scattered among the Ascomycota and the Zygomycota [25] , and keratinous bait substances are commonly used to attract and isolate chytridiomycetes [78] . Based on this broad phylogenetic distribution, the ability to degrade keratin may well have been ancestral in the fungi. Possibly, one link between reproduction on hair or feathers and pathogenicity has to do with bringing high densities of fungal spores into contact with high mammal populations, leading to opportunistic infections. High spore loads near dense mammal populations might also be related to the origin of pathogenicity in fungi that are associated with dung or faeces, such as Ajellomyces capsulatus (Histoplasma capsulatum Darling).
Proximity between fungus and host may also have been important in the evolution of fungal pathogens of insects. Like the fungi that attack mammals, the fungi attacking insects are phylogenetically concentrated in a few Ascomycota groups. A concentration of insect parasites, as well as biotrophs of other fungi and of living plants, is found among the Hypocreales [76] , in genera including Cordyceps, Tolypocladium and Metarhizium (Fig. 1) . The close phylogenetic relationships of insect parasites including 14 species of Cordyceps and four related anamorphs suggest that these fungi evolved and radiated on their insect hosts [54] . The specialization on insects did not preclude further dramatic host jumping, and one species of Cordyceps parasitic on fungi (speci®cally, on trues in the genus Elaphomyces) is nested among species of Cordyceps parasitic on insects [54] . Nikoh and Fukatsu [54] speculated that the common subterranean habit of hosts allowed a Cordyceps species on cicada larvae to evolve to parasitism of the cleistothecia of Elaphomyces.
The Laboulbeniales may be another example of a group of fungi where proximity between insect and fungus led to parasitism [9, 10] . In this case, an ancestral fungal species similar to Pyxidiophora, a primitive genus in the Laboulbeniales, may have used arthropods for dispersal from one patch of nutrients to another. The extant Pyxidiophora species probably parasitize other fungi as their primary nutrient source, but they are dispersed by mites which in turn are carried by beetles or ies. Possibly, the other members of the Laboulbeniales that are obligate parasites of arthropods originated from ancestors like Pyxidiophora that had switched from using arthropods primarily for transportation to using arthropods as a primary nutrient source [9] .
CONCLUSIONS
Since their origin hundreds of millions of years ago, the Ascomycota have been associated with plants. Plant pathogens in the Ascomycota are concentrated in four classes in the ®lamentous ascomycetes. The ancestral species within these groups may themselves have been plant pathogens or they may have been saprobes decaying plant material, pre-adapted for pathogenicity. The extant, highly virulent pathogens originated recently and independently. Traits associated with virulence, including toxin production, have in some cases arisen through duplication of genes with routine cellular functions, followed by gene divergence. Human pathogens are concentrated in two monophyletic clades, the class Eurotiomycetes and class Chaetothyriomycetes, that include the athlete's foot fungus, Penicillium, and black yeasts, but essentially no plant pathogens. Unlike the plant pathogens that depend on their hosts for survival, most animal pathogens probably exist primarily as saprobes and their level of reproductive success on animals may be negligible. Animals and fungi may not have had major reciprocal evolutionary eects.
On the other hand, fungi and plants do exert mutual evolutionary selection on genetically based, variable traits, resulting in at least periods of co-evolution. Related fungi often concentrate on phylogenetically related hosts. Opportunistic host jumping has also been frequent, however. As a result, comparison of host and fungus phylogenies shows minimal evidence of long-term phylogenetic tracking and primitive fungi are not noticeably concentrated on primitive hosts.
